Background: Elucidation of molecular mechanisms controlling vascular calcification is critical for chronic kidney disease patients. Results: High phosphate induced Klf4 expression in SMCs. Klf4 knockdown attenuated high phosphate-induced SMC phenotypic switching into osteogenic cells. Conclusion: Results suggest that Klf4 contributes to high phosphate-induced conversion of SMCs into osteogenic cells. Significance: Control of Klf4 might be a novel therapeutic target for vascular calcification.
Hyperphosphatemia in chronic kidney disease is highly associated with vascular calcification. Previous studies have shown that high phosphate-induced phenotypic switching of vascular smooth muscle cells (SMCs) into osteogenic cells plays an important role in the calcification process. In the present study, we determined whether Krüppel-like factor 4 (Klf4) and phosphorylated Elk-1, transcriptional repressors of SMC differentiation marker genes activated by intimal atherogenic stimuli, contributed to this process. Rat aortic SMCs were cultured in the medium with normal (0.9 mmol/liter) or high (4.5 mmol/ liter) phosphate concentration. Results showed that high phosphate concentration induced SMC calcification. Moreover, high phosphate decreased expression of SMC differentiation marker genes including smooth muscle ␣-actin and SM22␣, whereas it increased expression of osteogenic genes, such as Runx2 and osteopontin. High phosphate also induced Klf4 expression, although it did not phosphorylate Elk-1. In response to high phosphate, Klf4 selectively bound to the promoter regions of SMC differentiation marker genes. Of importance, siRNAmediated knockdown of Klf4 blunted high phosphate-induced suppression of SMC differentiation marker genes, as well as increases in expression of osteogenic genes and calcium deposition. Klf4 was also induced markedly in the calcified aorta of adenine-induced uremic rats. Results provide novel evidence that Klf4 mediates high phosphate-induced conversion of SMCs into osteogenic cells.
Vascular calcification is highly prevalent in patients with chronic kidney disease and is associated with increased risk of cardiovascular disease and mortality (1, 2) . In atherosclerotic lesions of these patients, calcium deposits are localized mainly in the medial layer of arteries, and this phenotype is known as Mönckeberg's medial sclerosis (3, 4) . Hyperphosphatemia in chronic kidney disease is a key factor promoting vascular medial calcification (4) . In addition to a passive process involving spontaneous calcium phosphate precipitation in necrotic tissue, multiple recent studies have shown that high phosphate concentration induces phenotypic conversion of vascular smooth muscle cells (SMCs) 2 into osteogenic cells, thereby enhancing medial calcification in the vessels (4 -6) . In response to high phosphate stimulus, SMCs decrease expression of SMC differentiation marker genes including smooth muscle (SM) ␣-actin and SM22␣, and increase expression of osteogenic genes such as Runx2, osteopontin, osteocalcin, and alkaline phosphatase (ALP). Elucidation of the molecular mechanisms controlling phenotypic conversion from differentiated SMCs into osteogenic cells is likely to provide important insights toward novel therapeutic approach of vascular calcification.
Molecular mechanisms controlling the differentiated state of SMCs have been progressively clarified in the last two decades (7, 8) . Most SMC differentiation maker genes contain common cis-elements including multiple CC(A/T-rich) 6 GG (CArG) elements and a transforming growth factor-␤ control element (TCE) in their promoter-enhancer regions. The binding factor of CArG elements is serum response factor (SRF), which regulates expression of SMC differentiation marker genes by cooperating with its co-activator, myocardin or its co-repressor, phosphorylated Elk-1 (7-11). Krüppel-like factor 4 (Klf4) is a binding factor of TCE, and it potently represses SMC differentiation marker genes (12, 13) . Down-regulation of SMC differentiation marker genes by platelet-derived growth factor-BB (PDGF-BB) and oxidized phospholipids, both of which contribute to the development of intimal atherosclerosis, has been shown to be mediated through these cis-elements and transbinding factors (9, (11) (12) (13) (14) (15) . Indeed, results of our previous studies and others showed that PDGF-BB and oxidized phospholipids, respectively, caused phosphorylation of Elk-1 via activation of the MEK-ERK1/2 pathway, and phosphorylated Elk-1 displaced myocardin from SRF, resulting in the transcriptional repression of SMC differentiation marker genes (9, 11, 14) . These factors also induced Klf4 expression, and siRNAinduced knockdown of Klf4 partially attenuated PDGF-BB or oxidized phospholipid-induced suppression of SMC differentiation marker genes in cultured SMCs (13) (14) (15) . In addition, we demonstrated that conditional knock-out of the Klf4 gene in mice delayed repression of SMC differentiation markers but accelerated neointimal formation following carotid injury in vivo (16) . As such, studies thus far have indicated that Klf4 and phosphorylated Elk-1 play critical roles in phenotypic switching of SMCs in response to intimal atherogenic stimuli.
Despite the importance of high phosphate-induced repression of SMC differentiation marker genes during the vascular calcification process (4, 6) , underlying mechanisms have not been fully determined yet. Elevated concentrations of extracellular phosphate have been shown to activate multiple signaling pathways and transcription factors including the caspase-dependent apoptosis pathway (17) , mitochondrial reactive oxygen species and nuclear factor-B pathway (18) , and Runx2 (6, 19, 20) in part via the uptake of phosphate by the type III sodium-dependent phosphate co-transporter, Pit-1 (19) , in SMCs. Of these, Runx2 is a factor capable of repressing SMC differentiation marker genes. It has been shown to be expressed in the medial cells of the calcified arteries in humans and in a rat model of chronic renal failure (21) and also to be induced by high phosphate concentration in cultured SMCs (6, 19) . Recently, Tanaka et al. (22) showed that overexpression of Runx2 decreased expression of SMC differentiation marker genes, such as SM ␣-actin and SM22␣, by inhibiting the binding of myocardin to the SRF-CArG elements. Moreover, Speer et al. (20) showed that Runx2, but not loss of myocardin, was required for high phosphate-induced vascular calcification. These results suggest a critical role of Runx2 in high phosphateinduced SMC phenotypic switching into osteogenic cells. However, it remains unknown whether transcription factors required for repression of SMC differentiation marker genes by intimal atherogenic stimuli also play important roles for medial calcification. Therefore, the aims of the present studies were to determine whether Klf4 and phosphorylated Elk-1 contribute to high phosphate-induced SMC phenotypic switching into osteogenic cells, and if so, to determine their relationship with Runx2.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-The SM ␣-actin promoter-luciferase (Ϫ2.6 kb/ϩ2.8 kb) construct and its mutants were described previously (23) . The SM ␣-actin promoter-luciferase (Ϫ2.6 kb/ϩ2.8 kb) construct containing combinatorial mutations of two CArG elements and TCE was generated by QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). The human osteopontin promoter-luciferase (Ϫ1500/ϩ87 bp and Ϫ970/ϩ87 bp) plasmids were constructed as described (24) .
The mouse osteopontin promoter (Ϫ2287/ϩ132 bp) was amplified by PCR and subcloned into KpnI/NheI sites of pGL3-basic vector (Promega) to make the mouse osteopontin promoterluciferase (Ϫ2287/ϩ132 bp) construct. An expression plasmid for Myc-tagged Klf4 was described previously (14) . An expression plasmid for FLAG-tagged Runx2 was constructed by inserting mouse Runx2 cDNA into p3xFLAG-CMV-7.1 vector (Sigma).
Cell Culture-Rat aortic SMCs were cultured as described previously (11, 14) . One day after plating at 10,000 cells/cm 2 , SMCs were started to be incubated in DMEM (glucose: 4.5 g/liter)/10% fetal bovine serum (Invitrogen) with normal (0.9 mmol/liter) or high (4.5 mmol/liter) phosphate concentration. Serum-containing DMEM was used throughout the studies because high phosphate-induced SMC calcification was not evident in serum-free DMEM. Medium was changed every 2 days. Cells were harvested for subsequent analyses. To determine the calcification status, von Kossa staining was performed after 10-day incubation with normal or high phosphate medium. In addition, SMCs were decalcified with 0.6 mol/liter HCl, and calcium content in the supernatant was determined by the o-cresolphthalein complexone method (17) . A quantitative index of apoptosis was determined by a cell-death detection ELISA plus kit (Roche Applied Science) (17) . For siRNA experiments, siRNA for Klf4 and Runx2 (Stealth RNAi; Invitrogen) or a scramble sequence was transfected with Oligofectoamine (Invitrogen) before starting incubation with normal or high phosphate medium.
Real-time RT-PCR-Total RNA was used for real-time RT-PCR. Primer and probe sequences for SM ␣-actin, SM22␣, Klf4, and 18 S rRNA were described previously (13, 23, 25) . Primer sequences for Runx2, osteopontin, ALP, Klf2, and Klf5 were as follows: Runx2-F, 5Ј-CCACCTCTGACTTCTGCCTC-3Ј; Runx2-R, 5Ј-GACTGGCGGGTGTAAGTGAA-3Ј; osteopontin-F, 5Ј-CCGATGAGGCTATCAAGGTC-3Ј; osteopontin-R, 5Ј-ACT-GCTCCAGGCTGTGTGTT-3Ј; ALP-F, 5Ј-TCCGTGGGTC-GGATTCCT-3Ј; ALP-R, 5Ј-GCCGGCCCAAGAGAGAAA-3Ј; Klf2-F, 5Ј-ACCAAGAGTTCGCACCTAAA-3Ј; Klf2-R, 5Ј-GTGGCACTGGAAGGGCCTGT-3Ј; Klf5-F, 5Ј-TGGTT-GCACAAAAGTTTATAC-3Ј; Klf5-R, 5Ј-GGCTTGGCG-CCCGTGTGCTTCC-3Ј.
Western Blotting-Western blotting was performed as described previously (14) . Antibodies used were as follows: ERK1/2 (Cell Signaling Technology), phospho-ERK1/2 (E10, Cell Signaling Technology), Elk-1 (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-Elk-1 (Cell Signaling Technology), Klf4 (14) , SRF (Santa Cruz Biotechnology), vimentin (V9; Dako), GAPDH (6C5; Chemicon International), and FLAG (M2; Sigma).
Quantitative Chromatin Immunoprecipitation (ChIP) Assays-Quantitative ChIP assays were performed using antibodies for Klf4, SRF, and Runx2 (Santa Cruz Biotechnology) as described previously (25) . Real-time PCR was performed to amplify the promoter region of the SM ␣-actin and SM22␣ genes, which contain CArG elements and a TCE or the intron 1 region of the SM22␣ gene (9, 25) .
Luciferase Assays-Rat aortic SMCs were transfected with plasmids using Superfect (Qiagen) (23) . The total amount of DNA per well was kept constant by adding the corresponding amount of expression vector without a cDNA insert. Luciferase activity was measured and normalized by cellular protein concentrations.
Mammalian Two-hybrid Assays-Mammalian two-hybrid assay was performed according to the manufacturer's instructions (Promega) (25) . Expression plasmids of fusion proteins for GAL4-SRF and VP16-Klf4 were constructed, and expression was confirmed by Western blotting. Expression plasmids for GAL4 fusion protein, VP16 fusion protein, and Runx2 were co-transfected into NIH/3T3 cells, and luciferase activity was measured.
Adenine-induced Uremic Rats-Animal protocols were approved by Keio University Animal Care and Use Committee. Seven-week-old male Sprague-Dawley rats were fed a standard diet (CE2: 1.06% calcium and 0.99% phosphorus; CLEA, Tokyo) alone or a diet containing 0.75% adenine (Sigma) for 4 weeks to induce uremia (21) . After adenine withdrawal, all animals were maintained on the standard diet for additional 4 weeks and sacrificed. Frozen sections of the thoracic aorta were subjected to von Kossa staining or immunohistochemistry for SM ␣-actin and Klf4, as described previously (25, 26) .
Statistical Analyses-Data are presented as mean Ϯ S.E. Statistical analyses were performed by one-way ANOVA with a post hoc Fisher protected least significant difference test. p values Ͻ 0.05 were considered significant.
RESULTS

High Phosphate Concentration Decreased SMC Differentiation Marker Genes, but Increased Osteogenic Genes in Cultured
SMCs-The initial aim of the present studies was to determine whether our cultured rat aortic SMCs had an ability to convert into osteogenic cells by high phosphate concentration, as described previously by other laboratories (4 -6, 17-20) . Rat aortic SMCs were cultured in normal (0.9 mmol/liter) or high (4.5 mmol/liter) phosphate medium for 10 days, and the calcification status was examined by von Kossa staining. As shown in Fig. 1A , incubation with high phosphate medium markedly increased calcification of cultured SMCs. Expression of SMC differentiation marker genes and osteogenic genes was then examined by real-time RT-PCR. High phosphate medium significantly decreased expression of SM ␣-actin and SM22␣ by 38 -57% (Fig. 1, B and C) . In contrast, expression of Runx2, osteopontin, and ALP was increased by high phosphate concentration (Fig. 1, D-F) . Indeed, incubation of SMCs with high phosphate medium for 8 days increased Runx2, osteopontin, and ALP mRNA expression by 1.7-fold, 2.4-fold, and 2.0-fold, respectively. In addition, high phosphate induced calcium deposition and apoptosis in SMCs (supplemental Fig. I ), both of which are known to be increased during the calcification process (4 -6, 17-20) . These results indicate that incubation with high phosphate concentration decreased expression of SMC differentiation marker genes, whereas it increased expression of osteogenic genes and thereby induced calcification in our cultured SMCs.
High Phosphate Concentration Induced Klf4 Expression, but It Did Not Phosphorylate Elk-1-Results of our previous studies and others showed that suppression of SMC differentiation marker genes by either PDGF-BB or oxidized phospholipids was mediated in part by Klf4 induction and phosphorylation of Elk-1 (9, 11, (13) (14) (15) . We examined whether the decrease in SMC differentiation marker gene expression by high phosphate concentration also utilized these mechanisms. First, expression of Klf4 mRNA was measured by real-time RT-PCR. Results showed that incubation of SMCs with high phosphate concentration for 2 days induced significantly Klf4 mRNA expression by 2.2-fold ( Fig. 2A) . After 4-, 6-, and 8-day incubation with high phosphate medium, there was a trend that Klf4 mRNA level was still higher than incubation with normal phosphate medium. Klf4 induction was also detectable at the protein level (Fig. 2B) . Indeed, high phosphate incubation for 2 days markedly induced Klf4 expression in a nuclear fraction, but not in a cytosolic fraction of cultured SMCs. Expression levels of Klf2 and Klf5 were also examined because these Klf family members have been shown to be expressed in vascular SMCs (27) . Expression of Klf2 and Klf5 was, however, unaltered by high phosphate concentration (Fig. 2, C and D) , indicating that Klf4 induction was selective. On the other hand, high phosphate concentration did not induce phosphorylation of Elk-1 at any time points examined in cultured SMCs (Fig. 2E) , although treatment of SMCs with 1-palmitoyl-2-(5-oxovaleroyl)-snglycero-3-phosphocholine (POVPC) at 10 g/ml for 6 h (14), a positive control, obviously induced phosphorylation of Elk-1. In addition, high phosphate medium only slightly phosphorylated ERK1/2, an upstream signaling factor of Elk-1. These results suggest that suppression of SMC differentiation marker genes by high phosphate concentration utilizes a Klf4-dependent, but a phosphorylated Elk-1 independent mechanism.
Klf4 Was Induced in the Calcified Aorta of Uremic Rats-To determine whether Klf4 was involved in the calcification of the arteries in vivo, Klf4 expression was examined in the thoracic aorta of adenine-induced uremic rats. These rats are a model of uremia, which exhibits all key features of chronic renal failure, including elevated serum creatinine, hypocalcemia, hyperphosphatemia, reduced serum 1␣,25-dihydroxyvitamin D, as well as arterial medial calcification (21) . By feeding a diet containing 0.75% adenine for 4 weeks and by maintaining with a normal diet for additional 4 weeks subsequently, rats exhibited circumferential calcification in the media of thoracic arteries (Fig. 3, B  and D) . In contrast, rats received a control diet showed no evidence of calcification (Fig. 3, A and C) . Immunohistochemical staining showed a dramatic decrease in SM ␣-actin expression in adenine-induced uremic rats compared with control rats (Fig. 3, E and F) . The decrease in SM ␣-actin expression in the calcified arteries was consistent with the results of previous studies showing that expression of SM ␣-actin and SM22␣ was extensively suppressed in matrix GLA protein-null mice whose arteries calcify spontaneously (6) . Notably, Klf4 expression was markedly induced in medial SMCs of adenine-induced uremic rats ( Fig. 3H and supplemental Fig. IIA) . Indeed, Ͼ 70% of medial cells were positive for Klf4, whereas Klf4-positive medial cells were undetectable in control rats (Fig. 3G) . Klf4 mRNA expression was also induced in the aorta of adenine-induced uremic rats (supplemental Fig. IIB) . These results suggest that adenine-induced uremic rats are a suitable model investigating SMC phenotypic switching into osteogenic cells in vivo, and that Klf4 plays a role in the medial calcification in these uremic rats.
High Phosphate-induced Phenotypic Switching of SMCs Was in Part Mediated by Klf4-We determined whether Klf4 mediates high phosphate-induced suppression of SMC differentiation marker genes. Binding of Klf4 to the promoter region of SMC differentiation marker genes was first examined by quantitative ChIP assays. Results showed that high phosphate concentration in SMCs induced significantly Klf4 binding to the promoter region of the SM ␣-actin and SM22␣ genes, which contain two CArG elements and a TCE (Fig. 4, A and B) . In contrast, Klf4 binding was undetectable at the intron 1 region of the SM22␣ gene, which lacks CArG elements and TCE, in 4) . B, expression of Klf4, SRF (nuclear protein), and vimentin (cytosolic protein) in SMCs with normal or high phosphate medium for 2 days was examined by Western blotting (n ϭ 3). Cyto, cytosolic fraction; Nucl, nuclear fraction. E, expression of ERK1/2, phosphorylated ERK1/2 (p-ERK1/2), Elk-1, phosphorylated Elk-1 (p-Elk-1), and GAPDH was examined by Western blotting (n ϭ 4). P, POVPC treatment at 10 g/ml for 6 h. SMCs incubated with normal or high phosphate medium (Fig.  4C) . These results clearly indicate that Klf4 was selectively recruited to the CArGs/TCE-containing promoter regions of SMC differentiation marker genes by high phosphate concentration. We also examined whether the binding of SRF and Runx2 to these regions was altered by high phosphate concentration. The binding of SRF to the promoter regions of SMC differentiation marker genes was decreased by high phosphate, whereas Runx2 binding was induced in cultured SMCs (Fig. 4) . These results were consistent with previous studies showing that overexpression of Klf4 decreased SRF binding to CArG elements within the SM ␣-actin promoter in SMCs (13) and that Runx2 was able to bind to SRF directly (22) . Next, effects of Klf4 knockdown on high phosphate-induced phenotypic switching of SMCs were examined. siRNA specific for Klf4 was transfected into cultured SMCs, and SMCs were then incubated with normal or high phosphate medium for 2 or 6 days. By transfecting Klf4 siRNA, high phosphate-induced expression of Klf4 after 2-day incubation was blunted in cultured SMCs (Fig. 5A) . Expression of SM ␣-actin, osteopontin, and ALP was determined after 6-day incubation with normal or high phosphate medium. As shown in Fig. 5C , high phosphateinduced decrease in SM ␣-actin expression was attenuated by knockdown of Klf4 in cultured SMCs. Of interest, high phosphate-induced increases in expression of osteogenic genes including osteopontin and ALP, but not Runx2, were blunted in Klf4 siRNA-transfected SMCs (Fig. 5, D-F) . Moreover, knockdown of Klf4 attenuated high phosphate-induced calcium deposition in SMCs (Fig. 5G ). Attenuation in high phosphateinduced decrease in SM ␣-actin expression, high phosphateinduced increases in osteopontin and ALP expression, and high phosphate-induced increase in calcium deposition was also seen by Runx2 siRNA (Fig. 5, B-G (22) . In addition, results of our previous studies showed that Klf4 repressed SMC differentiation marker genes through multiple mechanisms including direct binding to the TCE within the promoter region of SMC differentiation marker genes, interaction with SRF, and repression of myocardin expression (12, 13) . Although siRNA-induced knockdown of Klf4 and Runx2 did not exhibit additive effects on SMC calcification (Fig. 5) , we examined whether Klf4 and Runx2, both of which were induced by high phosphate concentration in SMCs, acted additively or synergistically to repress SMC differentiation marker genes by co-transfection of these expression plasmids and SM ␣-actin promoter-luciferase construct into cultured aortic SMCs. Results showed that Klf4 repressed SM ␣-actin mRNA expression (supplemental Fig. IIIA) , as well as the transcriptional activity of the SM ␣-actin gene more potently than Runx2 and that effects of Klf4 and Runx2 were neither additive nor synergistic (Fig. 6A) . Mutational analyses of the SM ␣-actin promoter-luciferase construct showed that repressive effect of Klf4 was dependent on both CArG elements and the TCE, whereas Runx2 repressed the transcriptional activity through CArG elements but not the TCE (Fig. 6B) . CArG element-dependent repression of SMC differentiation marker genes by Runx2 was consistent with previous results showing that Runx2 repressed SMC differentiation marker genes via the inhibition of myocardin (22) . Moreover, suppression of the SM ␣-actin promoter activity by Klf4 was mediated through CArG elements and the TCE because combinatorial mutations of these cis-elements abolished Klf4 effect. Next, we tested the effect of Runx2 on the interaction between Klf4 and SRF. Results of mammalian twohybrid assays showed that Klf4 interacted with SRF, and this interaction was hindered by Runx2 in NIH/3T3 cells (Fig. 6C) . These results suggest that, although both Klf4 and Runx2 were induced by high phosphate concentration in SMCs, repressive effects of these factors on SMC differentiation marker genes were not cooperative.
Finally, we examined effects of Klf4 and Runx2 on the transcriptional activity of the osteopontin gene in SMCs. Both fac-tors increased osteopontin mRNA expression in SMCs (supplemental Fig. IIIB) . The binding site for Runx2 has been identified at Ϫ138/Ϫ132 bp and Ϫ136/Ϫ130 bp within human and mouse osteopontin promoters, respectively (28) . We found two consensus Klf4 binding sites, 5Ј-(G/A)(G/A)GG(C/T)G(C/T)-3Ј, at Ϫ1306/Ϫ1300 bp and Ϫ1140/Ϫ1134 bp within human osteopontin promoter. Two consensus Klf4 binding sites were also found at Ϫ2178/Ϫ2172 bp and Ϫ2090/Ϫ2084 bp within mouse osteopontin promoter. We made the human osteopontin promoter-luciferase (Ϫ1500/ϩ87) construct, the human osteopontin promoter-luciferase (Ϫ970/ϩ87) construct, which lacked two Klf4 binding sites, and the mouse osteopontin promoter-luciferase (Ϫ2287/ϩ132) construct and tested their responsiveness to Klf4 and Runx2 in SMCs (Fig. 6D) . Results showed that Klf4 increased the transcriptional activity of human osteopontin promoter-luciferase (Ϫ1500/ϩ87) construct and mouse osteopontin promoter-luciferase (Ϫ2287/ ϩ132) construct, but not human osteopontin promoter-luciferase (Ϫ970/ϩ87) construct, whereas Runx2 increased the activity of these constructs. Effects of Klf4 and Runx2 on the transcriptional activity of the osteopontin gene were not synergistic. These results suggest that Klf4 induces the transcription of the osteopontin gene at least in part through the region containing two consensus Klf4 binding sites and that this mechanism is independent of the action of Runx2.
DISCUSSION
Results of the present studies provide evidence that high phosphate-induced phenotypic switching of SMCs is mediated in part by Klf4. Indeed, incubation of SMCs with high phosphate concentration decreased expression of SMC differentiation marker genes such as SM ␣-actin and SM22␣, whereas it increased expression of osteogenic genes including Runx2, osteopontin, and ALP. Phenotypic conversion of SMCs into osteogenic cells was accompanied by the induction of Klf4 both at mRNA and protein levels, but not by phosphorylation of Elk-1. Klf4 was also induced in the media of calcified aorta in adenine-induced uremic rats, where SM ␣-actin expression was suppressed markedly. Moreover, we demonstrated that high phosphate concentration induced Klf4 binding at the promoter regions of SMC differentiation marker genes and that siRNA-mediated knockdown of Klf4 blunted high phosphateinduced phenotypic switching of SMCs into osteogenic cells. Finally, we showed that effects of Klf4 and Runx2 on high phosphate-induced SMC calcification, as well as on the transcription of the SM ␣-actin gene or the osteopontin gene were not synergistic, although both factors were induced by high phos- Unlike either skeletal or cardiac muscle cells that are terminally differentiated, SMCs retain more extensive plasticity to undergo modulation of their phenotype in response to changes in local environmental cues (7, 8) . Although the major role of differentiated SMCs is contraction, they are able to change their phenotype into a wide spectrum of SMCs including proliferating SMCs, migrating SMCs, and SMCs producing extracellular matrix proteins. Previous studies have shown that Klf4 plays important roles in multiple scenes of phenotypic switching of SMCs (13) (14) (15) (16) 29) . Indeed, Klf4 decreased expression of SMC differentiation marker genes such as SM ␣-actin, SM-myosin heavy chain, and SM22␣ in response to PDGF-BB or oxidized phospholipids (13) (14) (15) . We also showed that conditional deletion of the Klf4 gene in mice transiently delayed injury-induced suppression of SMC differentiation markers and enhanced neointimal formation after vascular injury (16) . Suppression of SMC proliferation by Klf4 has been shown to be mediated through increased expression of p21 WAF1/Cip1 , a cell cycle inhibitor, by cooperating with p53 (16) . Moreover, results of our recent studies showed that Klf4 mediated oxidized phospholipid-induced migration as well as production of type VIII collagen in SMCs (29) . In the present studies, we have added a novel role of Klf4 for phenotypic switching of SMCs during the calcification process. As such, the preceding studies and our present studies strongly support a model wherein Klf4 serves as a point of convergence in mediating effects of local environmental cues on differentiated SMCs changing into a wide range of SMC phenotypes.
In contrast to the increase in Klf4 expression, incubation of SMCs with high phosphate concentration for 2, 6, 24, or 48 h FIGURE 6. Transcriptional regulation of the SM ␣-actin gene and the osteopontin gene by Klf4 and Runx2 was not interdependent. Expression plasmids for Klf4 and Runx2 (0, 30, 100, or 300 ng) were co-transfected with wild-type (A) and CArGs/TCE-mutant (B) of the SM ␣-actin promoter-luciferase construct (900 ng), human osteopontin promoter-luciferase (hOPN Ϫ1500/ϩ87 or hOPN Ϫ970/ϩ87) construct, mouse osteopontin promoter-luciferase (mOPN Ϫ2287/ϩ132) construct or pGL3-basic plasmid (900 ng) (D) into rat aortic SMCs. Luciferase activities were measured and normalized to protein content. An arbitrary value of 1 was assigned to the activity of cells transfected with the wild-type SM ␣-actin promoter-luciferase construct (A and B) or hOPN (Ϫ1500/ϩ87) construct and empty expression plasmids. C, NIH/3T3 cells were co-transfected with pG5Luc reporter plasmid, expression plasmids for fusion proteins of GAL4-SRF and VP16-Klf4, and Runx2 expression plasmid. Luciferase activity was measured and normalized to protein content. An arbitrary value of 1 was assigned to the activity of cells transfected with pG5Luc reporter plasmid and empty vectors for GAL4 and VP16. Values represent the means Ϯ S.E. (n ϭ 3). RLU, relative luciferase units.
did not induce phosphorylation of Elk-1. Instead of inducing Elk-1 phosphorylation, high phosphate induced expression of Runx2, a transcription factor shown to be able to repress SMC differentiation marker genes (22) . Of interest, molecular mechanisms of repression of SMC differentiation marker genes by Runx2 and phosphorylated Elk-1 are quite similar. Tanaka et al. (22) showed that Runx2 repressed the transcriptional activity of SMC differentiation marker genes by inhibiting myocardin to bind with SRF. They demonstrated that the Runt domain of Runx2 was able to bind to the MCM1-Agamous-Deficiens-SRF (MADS) domain of SRF (22) . This mechanism was confirmed and strengthened by results of our present studies showing that repressive effect of Runx2 was abolished by the mutation of CArG elements in the promoter region of the SM ␣-actin gene. On the other hand, results of previous studies showed that phosphorylated Elk-1 also displaced myocardin from the MADS domain of SRF at the CArG element-containing promoter region of SMC differentiation marker genes (9 -11) . It is highly likely that Runx2 and phosphorylated Elk-1 utilize a common mechanism to repress the transcription of SMC differentiation marker genes. It is of interest to determine whether Runx2 and phosphorylated Elk-1 are able to bind to the MADS domain of SRF simultaneously, or binding of these proteins to SRF is exclusive mutually.
Results of our present studies showed that Klf4 regulated the transcription of osteogenic genes in SMCs. Indeed, siRNAmediated knockdown of Klf4 attenuated high phosphate-induced increases in expression of osteopontin and ALP in cultured SMCs. We also showed that Klf4 increased the transcriptional activity of the human and mouse osteopontin promoters containing two consensus Klf4 binding sites. Although the Ϫ1500/Ϫ970 bp region, which contains two Klf4 binding sites within human osteopontin promoter is relatively far from the transcriptional start site compared with the Runx2 binding site at Ϫ138/Ϫ132 bp, this region has been shown to be responsive to PPAR␥ ligand in THP-1 monocytic leukemia cells (24) . It is interesting to determine whether other osteogenic genes also contain multiple Klf4 binding sites in their promoters.
In summary, we provide novel evidence that Klf4 contributes to high phosphate-induced phenotypic switching of SMCs in vitro as well as in an animal model of chronic renal failure. Results suggest that Klf4 has dual roles during the vascular calcification process: not only decreasing expression of SMC differentiation marker genes, but also inducing osteogenic genes.
Further studies are needed to analyze the role of Klf4 for vascular calcification in loss-of-function animal models with chronic renal failure.
